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ABSTRACT 

 

 Transport of therapeutics across the blood-brain barrier (BBB) is a fundamental 

requirement for effective treatment of numerous brain diseases. However, most 

therapeutics (>500 Da) are unable to permeate through the BBB and do not achieve 

therapeutic doses. Nanoparticles (NPs) are being investigated to facilitate drug 

delivery to the brain. The physicochemical properties of NPs, including size, surface 

charge, and surface chemistry have been shown to affect accumulation of NPs in the 

brain. Here, we investigate the effect of nanoparticle stiffness on NP transport across 

an in vitro BBB model. To this end, poly(N-isopropylmethacrylamide) (p(NIPMAM)) 

nanogels were prepared by precipitation polymerization, while nanogel stiffness was 

varied by the inclusion of 1.5 mol% (NG1.5), 5 mol% (NG5), and 14 mol% (NG14) 

N,N′-methylenebis(acrylamide) (BIS) cross linker. Fluorescently labeled p(NIPMAM) 

nanogels were used to quantify nanogel uptake and transcytosis in an in vitro BBB 

model. The more densely cross-linked p(NIPMAM) nanogels showed the highest level 

of uptake by polarized brain endothelial cells, whereas the less densely cross-linked 

nanogels demonstrated the highest transcytotic potential. These findings suggest that 

nanogel stiffness has opposing effects on nanogel uptake and transcytosis at the BBB. 

 

 

Keywords: nanoparticles, blood-brain barrier, nanogel, stiffness, transcytosis. 
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2.1 INTRODUCTION 
 

Treatment and diagnosis of brain diseases e.g. neurodegenerative diseases 

and brain cancer are hindered by biological barriers, especially the blood-brain barrier 

(BBB). The BBB prevents that compounds reach therapeutic doses in the brain, 

hampering treatment efficacy and increasing side-effects and drug-resistance 

development. Nanoscale materials offer an opportunity to enhance treatment delivery, 

while materials properties critically determine delivery efficacy. Nanoparticle (NP) 

characteristics, including size(1–4), surface chemistry(2,5,6) as well as surface 

functionalization with target-specific ligands.(1,5,7–11) have been shown to influence 

NP transport across the BBB. One approach often used to enhance the transport of 

NPs across the BBB is to promote their endocytic uptake by brain endothelial 

cells.(8,9,12) Notwithstanding NP uptake has an important role in the process, NPs 

transcellular transport is also dependent on subsequent intracellular vesicle trafficking 

and exocytosis. Yu et al.(13) showed that high-affinity antibodies for the transferrin 

receptor accumulate to a lesser extent in the brain than low-affinity antibodies. 

Likewise, Wiley et al.(14) coupled different amounts of transferrin (Tf) to gold 

nanoparticles and investigated their interaction with brain endothelial cells. They 

demonstrated that NPs with larger quantities of Tf bind to the BBB but do not 

accumulate in the brain parenchyma as efficiently as NPs with lower amounts of Tf. 

Understanding both how nanosized materials are transported into cells and how they 

get through cell barriers is essential to design drug delivery strategies. 

It has been shown that hydrophilic rigid NPs show a higher uptake by 

macrophages, cancer, and endothelial cells than soft NPs at in vitro conditions.(15–

22) Also, soft particles favor in vivo circulation which leads to enhanced targeting at 

tumor sites, although the difference in blood persistence and tumor accumulation of 

the NPs seems more pronounced for short observation times.(15,16,18,23) Yi et 

al.(24) suggested that, whereas rigid particles induce plasma membrane deformation, 

for a soft particle the membrane has no initial deformation but still needs to reach full 

enwrapping for its endocytosis, which therefore requires a higher adhesion energy. 

Although considerable efforts have been made to understand the cellular response to 

NP stiffness, both theoretically and experimentally, the effect of NP stiffness on its 

capacity to cross barrier cell types, including the BBB, is largely unexplored.  
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Nanogels (NGs) are nanoparticles composed of a cross-linked hydrophilic 

polymer network. Important aspects of NGs are their customizable stiffness and low 

level of protein adhesion.(25,26) NG stiffness can be easily modulated by varying the 

extent of polymer crosslinking, with minimal alterations to the NG composition. This 

offers an excellent opportunity to evaluate the influence of nanoparticle stiffness on 

fundamental biological cellular processes, including transcellular transport. Here, we 

explored the effect of the stiffness of p(NIPMAM) nanogels on their interaction with an 

in vitro BBB model. NGs of ~200 nm with varying stiffness were made by inclusion of 

1.5 mol%, 5 mol%, and 14 mol% N,N′-methylenebis(acrylamide) (BIS) cross-linker 

during synthesis. The stiffer NG14 nanogel showed higher uptake by brain endothelial 

cells than the softer NG1.5 and NG5 nanogels. In contrast, NG1.5 and NG5 exhibited 

higher levels of transcytosis compared to NG14. An increase in the size of NG particles 

to ~400 nm, while keeping stiffness constant, was shown not to influence uptake nor 

transcytosis. Altogether, our data suggest that nanogel stiffness has opposing effects 

on nanogel uptake and transcytosis at the BBB and that stiffness is a more determinant 

factor than size for the transcytosis of NG particles. Whereas high stiffness of NGs 

promotes uptake by brain endothelial cells, low NG stiffness stimulates transcytosis 

across the in vitro BBB. 

 

2.2 METHODS AND MATERIALS 
 

2.2.1 Nanogel synthesis  
 

Nanogels were synthesized by precipitation polymerization as previously 

described with some adaptations to suit this study purposes.(27) Briefly, NIPMAM 

(Sigma-Aldrich #423548), nile blue acrylamide (NLB, Polysciences #25395), BIS 

(Sigma-Aldrich #146072) and sodium dodecyl sulfate (SDS) were added to a 100 ml 

glass round-bottom flask and dissolved in 45 ml of filtered ddH2O (0.2 µm Whatman 

filter), stirred and purged with N2. The solution was placed in an oil thermal bath at 

70°C and ammonium persulfate (APS, Sigma-Aldrich #A3679) dissolved in ddH2O and 

purged with N2 was added after 30 min. Polymerization time was recorded after 

addition of APS. Prior to use, NIPMAM 97% was purified by recrystallization from n-

hexane and dried at reduced pressure using a rotary evaporator. Table 2.1 details the 
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formulation conditions of the different nanogels used in this study. The crosslinking 

degree affects nanogel stiffness. 

 
Table 2.1 - Synthesis conditions for p(NIPMAM) nanogels with different cross-linking densities. All 
reactions were performed at 70°C in an oil bath. 

Nanogel NIPMAM BIS SDS NLB APS 
Polymerization 

time 

 mg mol% mg mol mM mg mg hours 

NG1.5 626 98.5 12 1.5 1.6 8 11 4 

NG5 604 95 39 5 2.5 10 11 2.5 

NG14 604 86 117 14 2.5 10 11 2.5 

NG5large 604 95 39 5 1.6 10 11 > 6 

 

 The SDS concentration (Figure S1, Appendix A) and polymerization time 

(Figure S2, Appendix A) affect nanogel size and dispersity and were varied to obtain 

monodisperse nanogels of 200 and 400 nm mean diameter. 

 All nanogels were extensively dialyzed in ethanol 96 %vol (AnalaR 

NORMAPUR® – VWR) followed by dialysis in ddH2O using a cellulose dialysis tube (6-

8 kDa cutoff, Spectrum™) and dialysis medium was changed at least once a day. After 

dialysis, the nanogels were freeze-dried. 

 

2.2.2 Nanogel characterization 
 

Size and PdI at 37°C, zeta potential (z-potential) at room temperature and 

temperature-dependent behavior were determined using a Zetasizer Nano ZS 

(Malvern Instruments). The nanogels show a thermoresponsive behavior shifting 

between swollen and collapsed states with volume phase transition temperature 

(VPTT) at 44˚C, being swollen at 37˚C, i.e., at physiological body temperature, and 



 

 38 

collapsed at temperatures > 44˚C. 20 µg ml-1 nanogels in 1 mM SDS in ddH2O were 

used to obtain the thermoresponsive curves between 20 and 60°C with 2°C intervals 

and an equilibration time of 180 s. TEM images were acquired on a transmission 

electron microscope and analyzed using Fiji.(28) At least 100 particles were measured 

to obtain the size range, except for 1.5 mol% BIS where 25 particles were measured 

due to sample limitation. The swelling ratio reflects the nanogel cross-linking density 

and was determined by calculation of the ratio between the hydrodynamic diameter of 

the nanogel formulation at 50°C and 20°C. 

Negative staining of nanogels drop-casted over carbon film coated copper grids 

was performed with 5 µl of 2% uranyl acetate. Samples were investigated with a Philips 

CM120 electron microscope coupled to a 4k CCD camera operated at 120 kV. Images 

were analyzed using Fiji software.(28) At least 100 particles were measured for each 

nanogel formulation for size analysis, except for 1.5 mol% BIS nanogels where 25 

particles were measured because of sample limitation. 

 
2.2.3 Brain endothelial cell culture 
 

Human cerebral microvascular endothelial cell line (hCMEC/D3) cells were 

cultured in endothelial basal medium 2 (EBM-2; Lonza, #CC-3156) supplemented with 

5% (v/v) foetal bovine serum (FBS), 5 µg ml-1 ascorbic acid (Sigma-Aldrich #A4544), 

1 ng mL-1 basic fibroblast growth factor (PeproTech, #100-18D), 1% (v/v) chemically 

defined lipid concentrate (Gibco #11905-031), 10 mmol L-1 HEPES (Gibco 

#15630106), 1.4 µmol L-1 hydrocortisone (Sigma # H0888) and 1% (v/v) penicillin-

streptomycin in 25 cm2 flasks coated with 150 μg ml-1 rat tail collagen type-I (Enzo Life 

Sciences, #ALX-522-435, LOT 08071815 or LOT 04201734). Cells were grown at 

37ºC in an incubator with 5% CO2 atmosphere and used for experiments at passage 

28 to 38. 

 
2.2.4 Flow cytometry assessment of nanogel uptake in polarized brain 
endothelial cell monolayers 

 

hCMEC/D3 cells were seeded in 24-well plates pre-coated with 150 µg ml-1 rat 

tail collagen type-I at a density of 1x105 cells per cm2. Cells were grown for 5 days and 

medium was changed every other day. At the 5th day, medium was removed and cells 
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were washed once with 1x HBSS. 500 µl of 100 µg ml-1 nanogel in EBM-2 complete 

medium was added to each well and incubated for 15, 30 and 120 minutes. After 

incubation, medium containing nanogels was removed, cells were washed twice with 

1x HBSS and 200 µl trypsin-EDTA was added per well and incubated for 5 min for cell 

detachment. 400 µl of EBM-2 complete medium was added to each well, cells were 

pipetted vigorously up and down at least 10 times and samples were collected. Wells 

were washed once with 200-400 µl of 1x HBSS to collect remaining cells. Samples 

were centrifuged (500 g, 5 min, 4°C), the supernatant was discarded and the cells were 

resuspended in 400 µl of ice-cold 1x PBS supplemented with 2% (v/v) FBS and 5 mM 

EDTA (PFE buffer). For experiments at 4°C, the cell monolayer was incubated at 4°C 

for 30 min and ice-cold 1xHBSS was used to wash the cells prior to ice-cold nanogel 

incubation for 2 hours at 4 °C. Nanogels were removed and cells washed with ice-cold 

1x HBSS two times, followed by trypsinization. Fluorescence in cells was measured 

with a CytoFlex S Flow Cytometer (Beckman Coulter) using the APC channel (670/30 

band pass filter) and laser excitation 640 nm. Data were analyzed using FlowJo V10 

software (Tree Star, Inc.) and Origin. Because the different nile blue-labelled nanogels 

do not have the same fluorescence intensity, the geometric mean fluorescence values 

were corrected according to the fluorescence of each nanogel at 656 nm ( lexcitation = 

633 nm) at 100 µg ml-1 in EBM-2 complete medium (Figure S3, Appendix A) in order 

to compare the cellular uptake of the different nanogels.(29) 

 

2.2.5 Transcytosis assay 
 

Transcytosis assays were performed using a filter-free blood-brain barrier 

model previously described in detail by our group.(30) In short, collagen gels were 

prepared from a 5 mg ml-1 rat tail collagen type-I sterile solution in 0.02 N acetic acid 

that was neutralized by 1 mol L-1 NaOH, made isotonic from 10x phosphate-buffered 

saline (PBS) and diluted to 2 mg ml-1 with sterilized ddH2O and final buffer composition 

of 1x PBS. hCMEC/D3 cell were grown over the collagen gels for 5 days at initial 

seeding density of 1 × 105 cells per cm2, the medium was changed every other day and 

cells were washed with HBSS at day 2 and 5. After 5 days, the cell monolayer reached 

confluency and nanogel transcytosis was assessed as well as monolayer permeability. 

At 100 µg ml-1 in complete EBM-2 medium, 500 µl of NG1.5, NG5, NG5large, and NG15 



 

 40 

was incubated for 2, 4 or 16 hours after washing the cell layer once with 1x Hank's 

balanced salt solution (HBSS). One hour before the end of the incubation period, 55 

µl of 5 mg ml-1 fluorescein isothiocyanate (FITC)-labelled dextran of 4 kDa (Sigma-

Aldrich #FD-4) was added to the apical compartment to evaluate paracellular 

permeability. Subsequently, the apical medium was aspirated, and hCMEC/D3 cells 

were separated from the basal medium by means of collagenase A treatment, as 

previously described. (29) Fluorescence was measured in the apical, cell, and basal 

fractions (excitation at 633 nm and emission at 680 nm). Cell monolayers that were 

treated without nanogel served as a control for the influence of collagenase A on 

nanogel fluorescence. The percentage of nanogels associated to a compartment - 

apical, cell or basolateral was calculated with the formula below. 

 

%	𝑚𝑖𝑐𝑟𝑜𝑔𝑒𝑙𝑠 = 	
𝑐𝑜𝑚𝑝𝑎𝑟𝑡𝑚𝑒𝑛𝑡	𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

𝑡𝑜𝑡𝑎𝑙	𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒
	𝑥	100 (2.1) 

 

Apparent permeability (Papp) was calculated using the following equation 

 

𝑃788 = 	
∆𝑄
∆𝑡

𝐴𝐶= (2.2) 

 

where 𝛥𝑄/𝛥𝑡	represents the rate of permeation of dextran (µg min-1), A is the surface 

area (cm2), 𝐶= is the initial concentration of FITC-dextran (µg ml-1) added to the apical 

side. FITC-dextran fluorescence was recorded at 𝜆AB = 485 nm and 𝜆AC = 520 nm. 

Apparent permeability was verified for all samples and assays. The fluorescence was 

measured using Synergy H1 Hybrid plate reader (BioTek Instruments Inc.)  

 
2.2.6 Confocal microscopy of nanogels in polarized brain endothelial cell 
monolayers 
 

Collagen gels were prepared on glass slides using polydimethylsiloxane 

(PDMS) gel as a mold (Supplementary Information). hCMEC/D3 cells were seeded at 

an initial density of 1 x 105 per cm2 and grown for 5 days in complete EBM-2 medium. 

Medium was changed every day. After 5 days, medium was removed and the 

monolayer was washed once with 1x HBSS, followed by incubation with 50 µg of 
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nanogel in 500 µl of complete EBM-2 medium for 2 hours. 30 minutes before the end 

of the incubation period, Hoechst was added to the cells at a final concentration of 2 

µg ml-1. Apical medium containing nanogels and Hoechst was removed and the cell 

monolayer was washed twice with 1xHBSS before fixation. Cells were incubated with 

3.7% paraformaldehyde (PFA) in 1xPBS for 15 min, followed by 3 washes with 1xPBS 

and incubation with 0.2% (v/v) of Triton X-100 in PBS for 10 minutes. Then, the 

monolayer was washed with 1xPBS thrice for 15 min under mild agitation. Cells were 

incubated with Phalloidin-FITC (Sigma-Aldrich #P5282) at 1:100 dilution for 90 minutes 

protected from light. Wash was performed three times, samples were mounted with 

PBS:glycerol (50:50) and a cover slip was carefully placed over the samples. Images 

were collected using a Leica TSC SP2 confocal microscope (63x immersion oil 

objective) and analyzed with Fiji software.(28) Z slice images were collected 

sequentially using two or three channels and excitation lasers 488 (ArKr) and 633 nm 

(HeNe). Ninety stacks were collected for each image, each image being an average of 

two frames composed of 512 × 512 pixels. 

 

2.3 RESULTS 
 
2.3.1 Nanogel characterization 
 

P(NIPMAM) nanogels of varying stiffness were prepared by tuning their cross-

linking densities and reactant contents. Nanogels of ~200 nm diameter were prepared 

with 1.5, 5, and 14 mol% BIS cross-linker, and nanogels of ~400 nm were prepared 

with 5 mol% BIS cross-linker. The size of the nanogels was determined by means of 

dynamic light scattering, and confirmed by TEM (Table 2.2, Figure 2.1 A-D). All 

nanogels showed a negative zeta potential (Table 2.2). The z-potential distributions at 

RT are equivalent between all nanogels, except between NG1.5 and NG14. Nanogels 

with a similar size and different cross-linking densities showed the highest swelling 

ratio for the nanogel with the lower amount of cross-linker (Table 2.2, Figure 2.1E). 

Moreover, the swelling ratio is significantly different between the nanogels with 

different cross-linking densities (NG1.5, NG5, NG14), but not between nanogels with 

similar crosslinking density (NG5 and NG5large) (Table 2.2, Figure 2.1E). Nanogels with 

different sizes and the same cross-linking density showed a similar swelling ratio 

(Table 2.2, Figure 2.1E).  
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Table 2.2 - p(NIPMAM) nanogel properties. 1Number of particles measured from TEM images to 
estimate nanogel size. 

 

Z-average 

at 37 °C 

(nm) 

PdI 

TEM size 

(mean ± SD) 

(nm) 

Swelling 

ratio 

(d20/d50) 

z-potential 

at RT (mV) 

NG1.5 170 ± 44 0.07 
148 ± 18 

(25)1 
2.4 ± 0.1 -6.8 ± 3.1 

NG5 230 ± 64 0.04 
222 ± 56 

(101)1 
1.9 ± 0.1 -9.9 ± 6.5 

NG14 175 ± 40 0.02 
163 ± 56 

(107)1 
1.5 ± 0.02 -23.4 ± 7.9 

NG5large 423 ± 118 0.06 
474 ± 121 

(379)1 
2.1 ± 0.08 -6.5 ± 5.5 

 

 
Figure 2.1 – p(NIPMAM) nanogel characterization. P(NIPMAM) nanogel images obtained by negative 
staining followed by transmission electron microscopy. A) 1.5 mol% BIS (NG1.5), B) 5 mol% BIS (NG5), 
C) 14 mol% BIS (NG14) and D) 5 mol% BIS (NG5large). E) Swelling ratio of NG1.5, NG5, NG14 and 
NGlarge. Bars: 500 nm. Represented values are mean ± SD of three experiments with at least 40000 
events. Data were analyzed using two-sample t-test and significances are indicated by * for p-value < 
0.05, ** for p-value < 0.01, *** for p-value < 0.005 and **** for p-value < 0.0005. 
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 Overall, the p(NIPMAM) nanogel thermoresponsive behavior revealed an 

inverse correlation between crosslinking density and swelling ratio, which is in 

accordance with literature, i.e., micro/nanogels with higher crosslinking density show 

a lower swelling ratio, which is indicative for an enhanced stiffness.(27,31). p(NIPMAM) 

microgels with similar cross-linking densities and swelling ratios displayed in our earlier 

work stiffnesses of 21 ± 8, 117 ± 20, and 346 ± 125 kPa, for 1.5, 5 and 15 mol% BIS, 

respectively.(27) These results confirm that an increase in crosslinking density results 

in an increase in Young’s modulus, i.e., stiffness (Table 2.2). NGs with the same cross-

linking density but different sizes show the same Young’s modulus (Table 2.2; compare 

NG5large (425 nm, 5 mol% BIS) and NG5 (230 nm, 5 mol% BIS)), indicating that NG 

stiffness is not size-dependent. 

 

2.3.2 High nanogel stiffness favors uptake by polarized brain endothelial cell 
monolayers 
 

Previous studies have indicated that stiffer particles generally present higher 

internalization levels in eukaryotic cells, including endothelial cells.(16,32) This 

phenomenon has been attributed to an easier wrapping of the plasma membrane of 

cells around stiff particles.(33) Here, the uptake of nanogels with varying stiffness, i.e., 

NG1.5, NG5, and NG14, was measured in polarized hCMEC/D3 cell monolayers. 

Fluorescently labeled nanogels were incubated with hCMEC/D3 cell monolayers for 

15, 30, and 120 minutes at 37 °C. Figure 2.2A shows that NG1.5 and NG5 showed 

similar uptake by hCMEC/D3 cells, whereas the uptake of NG14 nanogels was 

significantly higher. In addition, the effect of nanogel size on uptake by hCMEC/D3 cell 

monolayers was investigated. To this end, two NG formulations with the same cross-

linking density but different sizes, i.e., NG5 and NG5large, were incubated with 

hCMEC/D3 cell monolayers for 15, 30, and 120 minutes (37 °C). Both types of NGs 

were internalized by hCMEC/D3 cells to a similar extent (Figure 2.2C), indicating that 

NGs with a size of ~425 nm are internalized as efficiently as NGs of ~230 nm.  
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Figure 2.2 – Effect of NG size and stiffness on NG uptake by hCMEC/D3 cell monolayers. hCMEC/D3 
cell monolayers were incubated with nile blue-labeled NG1.5, NG5, and NG14 at (A) 37 ºC for 15, 30 
and 120 minutes (B) 4 °C and 37 °C for 2 hours, after which intracellular fluorescence was determined 
by flow cytometry. hCMEC/D3 cell monolayers were incubated with nile blue-labeled NG5, and NG5large 
at (C) 37 ºC for 15, 30 and 120 minutes (D) 4 ºC and 37 ºC for 2 hours, after which intracellular 
fluorescence was measured by flow cytometry. The cellular fluorescence intensities were corrected by 
dividing the mean fluorescence intensity of the cells by the fluorescence intensity of the NG stock 
dispersions (100 µg ml-1). Represented values are mean ± SD of three experiments with at least 40000 
events. Data were analyzed using two-sample t-test and significances are indicated by * for p-value < 
0.05, ** for p-value < 0.01, *** for p-value < 0.005 and **** for p-value < 0.0005. 
  

Theoretical models indicate that soft particles must overcome a high-energy 

barrier to induce their enwrapping by the plasma membrane of cells. This is due to the 

fact that soft particles induce low membrane bending, which is caused by their 

spreading over the cell surface due to particle deformation.(24,33,34) Moreover, using 

coarse-grained molecular dynamics Shen et al showed that the difference in wrapping 

efficiency of soft and rigid particles scales with particle size.(35) With that in mind, we 

could explain the lack of significant variation in uptake between NG1.5 and NG5 as an 

insufficient variation in particle stiffness (ΔENG5-NG1.5 = 96 kPa) for particles in the 150-

250 nm size range, and suggest that there is a rather sharp response toward NG 

stiffness.  
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Figure 2.3 – Cellular distribution of NG1.5, NG5, NG14 and NG5large in hCMEC/D3 cell monolayers. 
hCMEC/D3 monolayers were incubated with NG1.5, NG5, NG14 and NG5large for 2 hours at 37°C, 
followed by fixation, F-actin staining, and examination by fluorescence microscopy. Scale bars are 20 
µm. Images were acquired using the same microscopy settings. 
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To determine the intracellular distribution of the NGs in hCMEC/D3 cells, cells 

were incubated with fluorescently labeled NGs and investigated by confocal 

microscopy. Figure 2.3 shows that virtually all cells in the cell monolayer contain NGs 

(quantified in Table S1, Appendix A) which tend to accumulate at the perinuclear 

region. The cellular distribution was similar for all 4 NGs. Of note, because of the 

different fluorescence intensities of the different NG formulations (see Figure S3) a 

comparison of the uptake levels of the different NGs by direct visual inspection of the 

fluorescence images is not possible.  

 

2.3.3 Low nanogel stiffness favors transcytosis across polarized brain 
endothelial cell monolayers  
 

Next, the effect of NG stiffness on NG transport across an in vitro BBB model 

was investigated. To this end, 50 µg of nile blue-labelled NG1.5, NG5, NG5large, and 

NG14 was incubated at 100 µg ml-1 for 2, 4 and 16 hours with the filter-free BBB model, 

after which the fluorescence in the apical, cell, and basal compartments was quantified. 

After 2 h incubation, the softer particles NG1.5 and NG5 showed an enhanced 

accumulation at the basal side of the cell monolayer compared to the stiffest NG14 

nanogel (Figure 2.4A). Longer incubation periods resulted in a modest increase in 

basal accumulation of the NGs with again highest basal accumulation for NG1.5 and 

NG5 (Figure 2.4B, C). NG5large and NG5 exhibited a similar transcytotic capacity 

(Figure 2.4A). To exclude paracellular transport of NGs due to a compromised BBB, 

the Papp of the hCMEC/D3 cell monolayers for 4 kDa dextran, a marker for paracellular 

leakage, was evaluated during the final 60 min of incubation with the NGs. Incubation 

of cell monolayers with NGs did not induce an increase in the Papp for dextran 

compared to control cells, indicating that the barrier properties of the BBB model 

remained intact during incubation with NGs (Figure 2.4F). When calculating the 

percentage of nanogels that interacted with the cellular compartment and reached the 

basolateral compartment, it becomes evident that the softer nanogels NG1.5 and NG5 

are more efficiently secreted at the basal side of the hCMEC/D3 monolayer than the 

stiff NG14 nanogel (Figure 2.4D).  
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Figure 2.4 - Effect of NG size and stiffness on NG transport across an in vitro filter-free BBB model. 
hCMEC/D3 cell monolayers were incubated with nile blue-labeled NG1.5, NG5, and NG14 at 37 ºC for 
(A) 2, (B) 4, and (C) 16 hours, after which fluorescence in the apical, cell, and basal fractions was 
determined by fluorescence spectroscopy. (D) Percentage of exocytosed nanogel (exocytosed nanogel 
(%) = fluorescencebasolateral x 100/(fluorescencecells + fluorescencebasolateral) after 2 h incubation. (E) 
Transcytosis levels for NG5 and NG5large after 2, 4 and 16 h incubation. (F) Apparent permeability (Papp) 
of FITC-dextran (MW 4 kDa) in hCMEC/D3 cell monolayers incubated with NG1.5, NG5, NG14 and 
NG5large for 2, 4 and 16 hours. Control is hCMEC/D3 cell monolayer incubated without nanogel. Values 
are represented as mean ± SD of four independent experiments and each experiment was performed 
in duplicate. Data were analyzed using two-sample t-test and statistically significant differences are 
indicated by * for p-value < 0.05, ** for p-value < 0.01 and *** for p-value < 0.05 
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Taken together, our data show that increased levels of uptake do not 

necessarily lead to improved transport across the BBB. This means that a greater 

internalization level might not lead to enhanced transcytosis. Similarly, Freese et 

al.(36) demonstrated that elevated cell association of poly(2-

hydroxypropylmethacrylamide) coated-gold nanoparticles did not result in their 

improved transport across the BBB, which was attributed to the confinement of the 

particles in intracellular vesicles. A negative correlation between ligand-receptor 

affinity and transcytosis has been observed for TfR antibodies.(13,37) Intermediate 

ligand-receptor affinity was shown to promote TfR antibody transcytosis, while high 

affinity was connected to delivery to lysosomes. A similar positive correlation between 

intermediate ligand-receptor affinity and transcytosis at the BBB has been reported for 

receptors at the BBB other than the transferrin receptor.(38,39) However, intermediate 

affinity of ligand-decorated nanoparticles to cells generally leads to lower uptake 

compared to nanoparticles with high affinity. Clark and Davis ingeniously obviated the 

need to use intermediate ligand-receptor affinity through the use of gold nanoparticles 

decorated with acid-cleavable ligands. (40) They demonstrated that gold nanoparticles 

functionalized with an acid-cleavable transferrin ligand reached the brain parenchyma 

at higher quantities compared to gold with non-cleavable transferrin (Tf). Following 

endocytosis of the gold nanoparticles, the separation between the particle and Tf, as 

induced by a drop in endosomal pH, was held responsible for facilitating nanoparticle 

release at the basal side of the BBB.  

In order to visualize the transcytosed fraction of NGs in the BBB model, 

hCMEC/D3 cell monolayers were grown on collagen gels in a PDMS mold (see 

Material and Methods), incubated for 2 h with fluorescently labeled NGs, and 

investigated by confocal microscopy.  

3D image construction of confocal Z-stacks, as presented in Figure 2.5, shows 

that NG1.5, NG5, as well as NG14 appeared at the basal side of the in vitro BBB and 

penetrated the collagen gel that supported the hCMEC/D3 cell monolayer. 
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Figure 2.5 – Basolateral accumulation of NG1.5, NG5, and NG14 at an in vitro filter-free BBB model. 
hCMEC/D3 cell monolayers were incubated with NG1.5, NG5, and NG14 for 2 hours at 37°C, followed 
by fixation, F-actin staining, and examination by confocal fluorescence microscopy. 3D image 
construction of Z-stacks (left) displays basolateral (top) and apical (bottom) views of cell monolayers 
incubated with (A) NG1.5, (B) NG5, and (C) NG14. XZ orthogonal views (right, top), and three-dimension 
projections (right, bottom). Images were acquired using the same microscopy settings. Red: nanogels; 
Green: F-actin. 
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2.4 CONCLUSION 
 

 To investigate the influence of nanoparticle stiffness on nanoparticle transport 

across the blood-brain barrier, p(NIPMAM) nanogels with varying crosslinking 

densities, i.e., 1.5 mol%, 5 mol%, and 14 mol% BIS were prepared. As expected, the 

crosslinking density of the NGs showed a positive correlation with their stiffness 

(Young’s modulus). Upon their incubation with an in vitro BBB model, composed of a 

polarized hCMEC/D3 cell monolayer grown on a collagen gel, the more densely cross-

linked p(NIPMAM) nanogels (NG14) showed the highest level of uptake by polarized 

brain endothelial cells, whereas the less densely cross-linked nanogels (NG1.5, NG5) 

demonstrated the highest transcytotic potential. These findings suggest that nanogel 

stiffness has opposing effects on nanogel uptake and transcytosis at the BBB. If 

decoration of soft nanogels with ligands would improve their uptake without changing 

their transcytotic capacity remains to be investigated.  

Since the process of transcytosis involves not only cellular uptake via 

endocytosis, but also intracellular vesicle trafficking and exocytosis, we hypothesize 

that low NG stiffness promotes intracellular trafficking and exocytosis. In addition, NGs 

with different stiffnesses may get internalized via different endocytic pathways that are 

intrinsically connected to transcytosis to a different extent. Furthermore, the effect of 

NG stiffness on cellular uptake and transcytosis may (partly) be an indirect effect, 

caused by the formation of distinct protein coronas on soft and more rigid NGs. 

Although, protein corona formation on nanoparticles is extensively being 

investigated(41), there are just few studies describing the protein corona of nanogels 

(25,26,42–44). These studies show that protein adhesion to nanogels is low compared 

to adhesion to nanoparticles, while nanogel hydrophobicity promotes protein adhesion. 

Our finding that soft p(NIPMAM) nanogels are more efficiently transported 

across an in vitro BBB than their stiff counterparts could be exploited in the design of 

soft nanogels for drug delivery across the BBB, to improve current and future treatment 

of brain diseases. 
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Appendix A – Supporting Information: Low nanogel stiffness favors nanogel 
transcytosis across the blood-brain barrier 
 

Nanogels size dependence of sodium dodecyl sulfate (SDS) concentration and 
polymerization time. 
 

The presence of surfactants in the synthesis of nanogels affects size and 

monodispersity.(1,2) To obtain nanogels in the range of 200 and 400 nm, we study the 

polymerization time and SDS concentration effect on 5 mol% BIS nanogels. SDS 

concentration effect on nanogels size and dispersity was studied by preparing a 

solution containing 604 mg of NIPMAM, 39 mg of BIS (5 mol%), 10 mg of NLB and 

different concentrations of SDS from a 0.25 M SDS solution, at a final volume of 45 ml 

of ddH2O in a round flask. This solution was left stirring under a N2 flux for 30 min. After 

30 min, the solution was placed in an oil bath at 70ºC still under stirring (400 rpm) for 

30 min to reach temperature equilibration. In parallel, 11 mg of APS in 5 ml of ddH2O 

was also under N2 flux for 60 min. The initiator was added to the round flask containing 

NIPMAM, BIS, NLB and SDS using a syringe with a needle and the reaction has 

occurred for at least 6 hours. Figure S1 shows the size distribution of hydrodynamic 

diameter with different concentration of SDS. It was observed that there is a limitation 

for SDS amount to produce monodisperse nanogels above 2.7 mM of SDS for 5 mol% 

BIS containing p(NIPMAM) nanogels even at concentrations below SDS critical micelle 

concentration of 8.2 mM in water. 

 
Figure S1 - Hydrodynamic diameter of p(NIPMAM) nanogels with 5 mol% BIS in ddH2O synthesized in 
the presence of 1.6, 2.2 and 2.6 mM of SDS with polymerization time above 6 hours. 
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To investigate nanogels size and dispersity as a function of polymerization time, 

the previously described synthesis conditions were employed although SDS added 

amount was fixed at 38 mg. Polymerization time is considered from the moment the 

initiator was added. To collect the samples at each time point, a syringe with a long 

needle was employed and 0.5 ml was collected every 30 min. Between 90 and 240 

min of reaction an increase in particle size is observed and, from 270 min of reaction 

there was no significant change of the size of the nanogels which relates to the 

consumption of the initiator, APS (Figure S2).  

 
Figure S2 - P(NIPMAM) nanogels (5 mol% BIS) hydrodynamic diameter as function of polymerization 
time Values represented are mean ± SD of 3 measurements from the same batch. 
 

Nanogels fluorescence and flow cytometry 
 

 The nanogels have different fluorescence intensities at same concentration. 

Figure S3a displays the spectra for each nanogels from 645 to 1000 nm with excitation 

at 633 nm. 
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Figure S3 - A) Fluorescence of Nile blue in p(NIPMAM) nanogels in EMB-2 complete medium at 100 

µg ml-1 with excitation at 633 nm and emission was record from 645 to 1000 nm, and B) flow 
cytometry histogram profiles of hCMEC/D3 cells after nanogels incubation for 2 hours at 37ºC using 

the APC channel (670/30 band pass filter) and laser excitation 640 nm. 
 
 Figure S3B show the histogram profile of each nanogel after 2 h incubation with 

hCMEC/D3 polarized cell layer highlighting the different fluorescence intensity 

between nanogels and in agreement with the spectra at Figure S3A. 
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Table S1 - APC positive populations frequency for nile blue-labelled nanogels with different cross-linking 
densities. 

Nanogel 
% positive cells (APC+) 

15 min, 37°C 30 min, 37°C 2 h, 37°C 2 h, 4°C 

1.5 mol% 
BIS 

99.93 ± 0.05 100  99.97 ± 0.05 95.0 ± 4.5 

5 mol% 
BIS 

99.8 ± 0.2 99.9 ± 0.1 99.93 ± 0.05  92 ± 5 

14 mol% 
BIS 

99.7 ± 0.2 99.77 ± 0.09 99.87 ± 0.09 86 ± 6 

 

PDMS mold preparation 
 

Polydimethylsiloxane (PDMS) mold was prepared by mixing PDMS elastomer 

and silicone elastomer curing agent at mixing ratio 10:1 of curing agent to elastomer 

using the SylgardTM 184 Silicone Elastomer Kit. The mix was degassed and poured in 

a plastic plate and left curing overnight at 70ºC. PDMS gel was cut and holes were 

punched to be mold to the collagen gels. The pieces were placed over glass slides and 

plasma treated to bond PDMS to the glass (Figure S4A). To sterilize the pieces, they 

were placed at 180ºC for 4 hours in closed glass containers further opened only under 

flow hood and transferred to 4 wells sterile plate where the collagen gel was placed 

inside the holes.  
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Figure S4 - A) PDMS mold after plasma treatment, B) hCMEC/D3 polarized layer on collagen gel after 
PDMS mold removal and C) schematic representation of PDMS mold containing collagen gel and 
hCMEC/D3 cell layer. 
  

 Figure S4B displays a collagen gel with a polarized cell layer after nanogel 

incubation and staining for microscopy followed by removal of PDMS mold and careful 

placement of a glass cover slip. 
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